Some speculate that bioaerosols from land application of biosolids pose occupational risks, but few studies have assessed aerosolization of microorganisms from biosolids or estimated occupational risks of infection. Th is study investigated levels of microorganisms in air immediately downwind of land application operations and estimated occupational risks from aerosolized microorganisms. In all, more than 300 air samples were collected downwind of biosolids application sites at various locations within the United States. Coliform bacteria, coliphages, and heterotrophic plate count (HPC) bacteria were enumerated from air and biosolids at each site. Concentrations of coliforms relative to Salmonella and concentrations of coliphage relative to enteroviruses in biosolids were used, in conjunction with levels of coliforms and coliphages measured in air during this study, to estimate exposure to Salmonella and enteroviruses in air. Th e HPC bacteria were ubiquitous in air near land application sites whether or not biosolids were being applied, and concentrations were positively correlated to windspeed. Coliform bacteria were detected only when biosolids were being applied to land or loaded into land applicators. Coliphages were detected in few air samples, and only when biosolids were being loaded into land applicators. In general, environmental parameters had little impact on concentrations of microorganisms in air immediately downwind of land application. Th e method of land application was most correlated to aerosolization. From this large body of data, the occupational risk of infection from bioaerosols was estimated to be 0.78 to 2.1%/yr. Extraordinary exposure scenarios carried an estimated annual risk of infection of up to 34%, with viruses posing the greatest threat. Risks from aerosolized microorganisms at biosolids land application sites appear to be lower than those at wastewater treatment plants, based on previously reported literature.
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Estimated Occupational Risk from Bioaerosols Generated during Land Application of Class B Biosolids C lass B biosolids are sewage sludges that have been treated to contain fewer than 2.0 × 10 6 fecal coliforms/dry gram. Th e USEPA estimates that 6.3 million tonnes of Class B biosolids are generated in the United States each year, and that by 2010, the amount generated per year will increase to 7.4 million tonnes (USEPA, 1999) . Biosolids produced during municipal sewage treatment are most commonly applied to land as a fertilizer at agricultural sites throughout the United States (NRC, 2002) . Class B biosolids, which are the principal type of biosolids applied to land, contain a variety of enteric pathogens (Dudley et al., 1980; Sahlstrom et al., 2004) . Th e potential exists for aerosolization of enteric pathogens during land application of biosolids, which may result in infections among biosolids workers (NRC, 2002) .
Few studies have measured bioaerosols near biosolids land application sites. One study detected aerosolized hydrogen sulfi deproducing bacteria and Clostridia in air as biosolids were loaded into an applicator with a front-end-loading tractor (Pillai et al., 1996) . Subsequently, thermotolerant Clostridia were proposed as an airborne pathogen indicator (Dowd et al., 1997) . Another study evaluated aerosolization of enteric microorganisms during land application of liquid biosolids (Sorber et al., 1984) . In that study, coliphages, coliform bacteria, fecal coliform bacteria, and fecal streptococci were detected downwind of spray application of liquid biosolids using a high-volume electrostatic precipitator. In those studies, researchers were able to detect microbial contamination of air due to biosolids application. However, the studies utilized diff erent types of air sampling devices, and relatively few samples were analyzed. Furthermore, each study evaluated only one application method at one location. A separate study evaluated air samples taken from multiple land application sites, but focused on the presence of Staphylococcus aureus in air and biosolids (Rusin et al., 2003) . In contrast, many more studies have evaluated concentrations of bioaerosols during municipal sewage treatment and spray application of wastewater (Bausum et al., 1982; Brenner et al., 1988; Carducci et al., 2000; Medema et al., 2004; Sawyer et al., 1993; Teltsch et al., 1980a) . Th ese studies are relevant because they provide a reference level of occupational exposure to bioaerosols and can be used to assess the relative degree of bioaerosol exposure during land application of biosolids. Th e occupational risk of infection due to aerosolized microorganisms has never been determined for land application of biosolids.
Th e aim of the current study was to develop a large and diversifi ed body of bioaerosol data from a variety of land application sites using coliforms and coliphages as indicators of fecal contamination and to use the data to estimate the risk of infection and illness among biosolids workers as a result of aerosolized pathogens, namely Salmonella and enteroviruses. In addition, we investigated the impact of various factors on aerosolization of microorganisms during land application of biosolids. Wind speed, humidity, temperature, method of application and concentration of microorganisms in biosolids were all considered as factors that may infl uence concentrations of microorganisms in air during land application of biosolids. Using statistical analyses, the various parameters were examined for their correlation to infection risk, under the assumption that our body of data could be treated as a whole. Our study is particularly relevant because all air samples were collected immediately downwind of the bioaerosol source, which allowed for an empirical estimation of occupational exposure. Management decisions can be implemented based on our results, to reduce the occupational risk of infection due to exposure to pathogens aerosolized during land application of biosolids.
Materials and Methods

Air Samples
A total of 309 air samples and 13 biosolids samples were collected in the United States and assayed for this study. Air samples were collected immediately downwind of slinger, spreader, spraygun and splash-plate applications, and were collected downwind of loading of biosolids into applicators using a front-end-loading tractor (Fig. 1) . Air samples were collected using SKC Biosamplers (SKC, Eighty-Four, PA). Vacuum for each sampler was provided by factory calibrated Vac-U-Go vacuum pumps (SKC), such that each air sampler impinged air at the rate of 12.5 L/ min. Impingement buff er consisted of 23 mL sterile water containing 0.1% peptone (Difco, Sparks, MD) and 0.1% antifoam B emulsion (Sigma Chemical Co., St. Louis, MO). Liquid loss from the air sampler was accounted for in the fi nal calculation of bioaerosol concentration by input of data into a Microsoft Excel spreadsheet specially designed for this purpose.
Air Sampler Arrangement and Air Sample Duration
Air samples were collected in a linear array consisting primarily of six, but occasionally fi ve air samplers, depending on sampler functionality (Fig. 1) . Control or "background" samples consisted of one set of fi ve or six samples taken before land application of biosolids. During loading of semi-solid biosolids (~20% solids), the air samplers were placed 2 m from the applicator while the front-end loading tractor fi lled the applicator with biosolids. In the case of liquid biosolids application, the site of application was typically well defi ned. Where biosolids were spread by a slinger or spreader, the site was less defi ned due to the variable distances traveled by clumps of biosolids thrown from the applicators; therefore, air samplers were placed as close to the downwind edge of land application as possible, where they could be used without direct contact with airborne clods of biosolids. Air samplers were aligned parallel to the direction of travel of the passing spray applicator, such that the array was approximately perpendicular to the direction of the wind. Each air sampler was mounted atop an adjustable 2-m surveying tripod. Tripods were adjusted so that the air intake was facing the wind, positioned at a height of 1 or 2 m, to approximately match the height of the various aerosol sources. Air samples were collected for a 20-min period, during the land application event. Due to diff erences between land application methods, air samplers were directly downwind of some types of applicators more than others. Samples collected during spray-gun application and loading of biosolids were nearly always directly downwind of the bioaerosol source, whereas samples collected downwind of the slinger, spreader, and splash-plate applicator (spray tanker) were intermittently directly downwind of the source. Additionally, air samples were collected downwind of piles of biosolids and 1 d after biosolids had been applied to land near Sacramento, CA, and Tucson, AZ, respectively. For these air samples, samplers were positioned 2 m away from 2-m high piles of biosolids and 2 m away from the edge of land application from the previous day. Additional details for the rationale for placement of air samplers and period of sampling can be found in Tanner et al. (2005) .
Environmental Data
A variety of environmental conditions were recorded for each air sample, including wind speed, temperature, and relative humidity (Table 1) . Th ese data were collected using a Kestrel 3000 Pocket Weather Station, (Nielsen-Kellerman Co., Chester, PA). Wind speed was measured as the average of two 1-min readings near the beginning and end of air samples.
Characteristics of the Biosolids Applicators Studied
Th e fi gure illustrates land application scenarios studied (Fig. 1) . Near Laughlin, NV; Yakima, WA; and Washington, DC: A slinger-type applicator was used to apply semi-solid biosolids (~20% solids), which consisted of a truck or tractor and trailer fi tted with a ProTwin manure slinger (Kuhn Knight, Brodhead, WI). Class B biosolids were loaded into the trailer using a front end loader and were ejected from the slinger in small clods (~8 cm in diam.). Th e clods of biosolids traveled between approximately 15 and 40 m, reaching a height of between approximately 10 and 30 m.
Near Seattle, WA: A slinger-type applicator was used to apply semi-solid Class B biosolids (~16% solids), which consisted of a log-forwarder retrofi tted with a scoop, hopper, and an Aerospread model 7020 sludge slinger (Highway Equipment Co., Cedar Rapids, IA). Biosolids were ejected from the slinger in small clods (~3 cm in diam.) Th e clods traveled approximately 60 m, reaching a height of approximately 25 m.
Near Sacramento, CA: A spreader-type applicator was used to apply semi-solid biosolids (~20% solids), which consisted of a truck-mounted rotary-type manure spreader box. Biosolids were deposited on the ground behind the truck from a height of 1 m in medium-sized clods (~12 cm in diam.) in a strip approximately 5 m wide.
Near Chicago, IL: A spreader-type applicator was used to apply semi-solid biosolids (~20% solids), which were ejected from the applicator in medium sized clods (~7 cm in diam.) from a height of 2 m and produced a strip of biosolids behind the tractor approximately 4 m wide (AGCO, Jackson, MN).
Near Houston, TX: A spray-type applicator that consisted of a single spray nozzle (~5 cm diam.) was used to apply liquid biosolids (~2% solids). Th e spray gun rotated as it was dragged linearly down the fi eld by winding of the supply hose to a large reel. Biosolids were ejected from the spray nozzle and traveled approximately 10 m, reaching a height of approximately 3 m. Near Tucson, AZ: A 16,100-L capacity splash-plate spray applicator (Betterbuilt, Kalida, OH) used pressurized air to force liquid biosolids (~8% solids) through a 7.5 cm diameter pipe. Th e liquid biosolids then splashed against a metal plate, causing the liquid to disperse as a "fan" shape with a maximum height of 2 m and width of spray of approximately 5 m.
Microbial Assay of Air Samples
Heterotrophic plate count (HPC) bacteria were enumerated using the spread plate technique on R2A agar (Difco, Sparks, MD) incubated at 25°C for 5 d. Th e assay was performed in triplicate. Total coliform bacteria were enumerated by the membrane fi lter method on m-Endo agar (BD Diagnostics, Sparks, MD) at 37°C for 24 h in accordance with Standard Method 9222B (Franson, 1995) in singlet. For this assay, a 10-mL aliquot of impingement buff er from each air sampler was assayed for the presence of total coliforms for each air sample.
Coliphages capable of infecting E. coli ATCC 15597-B1 (American Type Culture Collection, Manassas, VA), were assayed by the agar overlay method (Adams, 1959) . Th e E. coli was prepared by overnight incubation in 100 mL of tripticase soy broth (TSB) (Difco, Sparks, MD) on a shaker at 37°C. A 1-mL aliquot of air sample impingement buff er from each air sampler was added to a test tube containing 5 mL overlay agar (30 g TSB powder plus 10 g Bacto Agar, Difco) to which 0.5 mL of E. coli culture had been added. Th e mixture was poured onto TSA plates, incubated overnight at 37°C, and enumerated. Th e assay was performed in triplicate.
Microbial Analysis of Biosolids
Th e HPC bacteria, coliphages, and coliform bacteria in biosolids were assayed as follows: 10 mL of liquid biosolids was placed in 95 mL of sterile Tris-buff ered saline solution (Sigma) and shaken gently on a mechanical shaker for 30 min at room temperature. Th e resulting mixture was then serially diluted in sterile Tris-buff ered saline (Sigma) and assayed directly for coliphages using the agar overlay method, as mentioned above (Adams, 1959) . Total coliform bacteria, including E. coli, were enumerated by the spread plate technique involving incubation at 37°C on m-Endo agar overnight (BD Diagnostics). Th e HPC bacteria were enumerated by the spread plate technique on R2A agar at 25°C for 5 d, as mentioned above (Difco, Sparks, MD). Later, the total percentage solids was determined by drying the biosolids in an oven overnight at 105°C.
Statistical Analysis
Th e environmental parameters of wind speed, temperature, and humidity were measured for each air sample. Before statistical analysis, all data were log-transformed. Relationships to bioaerosol concentrations were evaluated using multivariable regression (Microsoft Excel). Th is technique examines the infl uence of many diff erent independent variables on one dependent variable. Positive relationships between environmental parameters and aerosolization are expressed as positive coeffi cients, and inverse relationships are expressed as negative coeffi cients, with the relative magnitude of the coeffi cient indicating the strength of the relationship. For this analysis, concentrations of HPC bacteria, total coliforms, and coliphage observed in bioaerosols were set as the dependent variable in analyses against relative humidity, temperature, and wind speed. Two-tailed t tests (Microsoft Excel) were also performed to investigate diff erences between concentrations of bioaerosols observed during land application by diff erent methods (i.e., slinger vs. splash-plate applicator).
Occupational Risk Characterization
Samples of air in which coliforms or coliphages were undetectable were assumed to have concentrations equal to the limit of detection (1.5 cfu/m 3 for coliforms and 5.1 pfu/m 3 for coliphages) for the assay to ensure accurate risk assessment (Haas and Jacangelo, 1993) . Th erefore, fi nal risk estimates are less than or equal to the value calculated because they were partially based on limits of detection. Concentrations of pathogens in air were estimated from concentrations of coliforms and coliphages in air, using the relative concentrations of pathogens and indicators in biosolids as follows: Th e concentration of coliforms in Class B biosolids is approximately 1,000,000/dry gram. Concentrations of Salmonella range from 10 to 1000 most probable number (MPN)/g and are typically near 50 MPN/g, based on research performed at the University of Arizona laboratory (Tanner, 2004) and published scientifi c literature (Dudley et al., 1980; Ward et al., 1984) . To obtain reasonable estimates of Salmonella in air based on these ratios, concentrations of coliforms observed in air were divided by 100,000, 10,000, and 1000. Th e same method was used to estimate the concentration of enteroviruses in air, assuming that there are approximately 10,000 coliphages/dry gram of biosolids and the concentration of enteroviruses ranges from 0.1 to 10 pfu/dry gram, based on research performed in our laboratory (unpublished data, 2004) and available scientifi c literature (Chetochine et al., 2006) Th us, concentrations of coliphages observed in air were divided by 100,000, 10,000, and 1000 to estimate concentrations of enteric viruses in air.
Mean concentrations of airborne pathogens, calculated from mean concentrations of airborne indicator microorganisms, were multiplied by the volume of air inhaled by an outdoor worker during 8 h of light activity (10.0 m 3 ) to determine the total number of pathogens inhaled by a worker each day (Allan and Richardson, 1998; USEPA, 1997) . Separate calculations were made for loading of biosolids, slinger application, spreader application, splash-plate application, and spray gun application. Th ese values were then reduced by half to account for fi eld observations that workers are downwind of the activity, potentially exposed to bioaerosols from biosolids, approximately half of the time.
Th e impact of tractor cab air fi ltration on occupational risk was explored using three exposure scenarios. Th e fi rst scenario assumed that workers were contained within tractor cabs equipped with air fi lters complying with American Society of Agricultural Engineers (ASAE) Standard 5525 (American Society of Agricultural Engineers, 1997), which specifi es that tractor cabs achieve a 98% reduction in aerosols above 3 μ in diameter due to an air fi lter. For this scenario it was assumed that all biologically active aerosols were above 3 μ in diameter. A second, more realistic exposure scenario, assumed that the air fi lter was eff ective in reducing aerosols in the cab by 50%. Th e third, more conservative exposure scenario, assumed that either no air fi lter was present, or work was performed using an unenclosed tractor.
Dose-response information is not available for inhalation of non-typhi Salmonella, so the assumption was made that 10% of bacterial aerosols would impact in the throat and be ingested following inhalation. Th is assumption has been used in a previous study and corresponds to an average particle size of approximately 4 μ, similar to that observed for outdoor aerosols (Medema et al., 2004; Tong and Lighthart, 1999) . Th is assumption was not made for enteric viruses because appropriate dose-response data for inhalation of coxsackievirus A21 was available (Couch et al., 1965) .
Th e Beta-Poisson Distribution Model provides the best estimate of the probability of infection from ingestion of pathogenic enteric bacteria, and was used to estimate the risk of infection from non-typhi Salmonella (Holcomb et al., 1999; Teunis et al., 1999) .
where P day is the probability of infection/workday d is the number of pathogens inhaled and subsequently ingested/day N 50 is the dose at which half of subjects are infected with a particular pathogen α is a parameter that describes the distribution of infection Th e single-hit exponential distribution model, which assumes that a single surviving microorganism is suffi cient to cause infection, provides the best estimate of the probability of infection after exposure to a virus, and was used to estimate the risk of infection due to inhalation of airborne enteric viruses (Dowd et al., 2000) .
where r is a parameter defi ning the probability of a single organism initiating infection d is the number of pathogens inhaled/day Th e annual risk of infection was calculated from the daily risk of infection, assuming 251 d/yr of occupational exposure, using the following formula:
Annual risks of illness were also calculated for Salmonella and enteroviruses, using Coxsackievirus A-21 as a model enterovirus. Research has shown that between 17 and 40% of healthy male volunteers infected with Salmonella will become ill (Teunis et al., 1999) . For Salmonella, it was assumed that the risk of illness from a one-time exposure was 40% of the risk of infection. Research also suggests that 13% of physically fi t and healthy males (soldiers) will become ill after being infected with coxsackievirus A-21 (Bloom et al., 1962) . For coxsackievirus A-21, it was assumed that the risk of illness from a one-time exposure was 25% of the risk of infection based on the 13% risk of illness mentioned above and consideration of the ratio of clinical to subclinical infection reported for other enteroviruses (Maier et al., 2000) . Th us, risks of illness were calculated using the formula for annual risk of infection, substituting [0.40 (P day )] for P day and [0.25 (P day )] for P day for Salmonella and coxsackievirus A-21, respectively.
Th e Beta-Poisson distribution model was used for Salmonella and the single-hit exponential model was used for coxsackievirus A-21. Values for N 50 , r, and α were based on dose-response data from volunteer (prisoner) studies involving ingestion of multiple non-typhi strains of Salmonella, including S. newport, S. derby, S. bareilly, S. anatum, and S. maleagridis . Dose-response parameters determined from a volunteer study involving inhalation of coxsackievirus A21 were used to model the response to inhalation of enteric viruses (Couch et al., 1965) . Values for these parameters are shown in Table 2 .
Results
Sampling of Air and Biosolids
Th e HPC bacteria were ubiquitous in air near land application sites whether or not biosolids were being applied, and ranged in concentration from 5.1 to 2.6 × 10 6 cfu/m 3 air, with the limit of detection being 51 cfu/m 3 . Coliform bacteria were detected in 22% of air samples (68 of 309), at concentrations ranging from 1.5 to 6000 cfu/m 3 air, with the limit of detection being 1.5 cfu/m 3 . Coliphages were detected in 2% of air samples (7 of 309), at concentrations ranging from 26 to 270 pfu/m 3 air, with the limit of detection being 5.1 pfu/m 3 . Coliphages were only detected in air during biosolids loading on a day when the average wind speed was approximately 4 m/s and gusts approached 8 m/s. Neither coliforms nor coliphages were detected in air samples collected directly downwind of biosolids piles, in air samples collected downwind of splash-plate application of liquid biosolids (~8% solids), or in background samples collected away from or before biosolids application.
Environmental conditions varied greatly between samples sites. Sample sites in the Southwest were hotter and drier than sample sites in the Northwest or Northeast. On average, 42 air samples were taken at each site, but the number of samples taken varied depending on logistical considerations. Figure  2 shows the concentrations of microorganisms in each air sample collected, grouped by application method, with results below the limit of detection included in the fi gure at the limit of detection. Th e HPC bacteria were readily detectable in air downwind of land application, while detection of indicator microorganisms was intermittent. Th e highest concentration and variety of indicator organisms was detected in air downwind of biosolids loading operations.
One or more samples of biosolids were analyzed from each land application site. Biosolids varied in terms of the percentage of solids per gram and in terms of their color and odor. However, some consistency in terms of microbial constitution was observed among the types of biosolids used in this study. Th ere were two exceptions: highly lime treated biosolids applied to land near Washington, DC, which interfered with microbial analysis and liquid biosolids applied near Houston, TX, which contained fewer microorganisms than most other biosolids. Table 3 shows microbial characteristics of biosolids applied for the study. All biosolids considered were anaerobically digested.
Concentrations of indicator microorganisms were highest downwind of biosolids loading and lowest downwind of splash-plate application. Interestingly, spray-gun application of liquid biosolids resulted in far greater bioaerosol concentrations than splash-plate application, although both methods involved liquid biosolids and biosolids used during spray gun application contained fewer indicator microorganisms than biosolids used during splash-plate application, on average.
Statistical analyses of the impact of various factors on levels of coliforms in air were performed on the data set as a whole, to elucidate the relevant general trends in the data. Using this approach, the main determinant of aerosolization appeared to be the type of activity being performed, whether it was loading of biosolids into the applicator or land applying the biosolids with a slinger, spreader, splash-plate applicator, or spray-gun. A series of t tests (Microsoft Excel) show statistically signifi cant diff erences between the mean values of coliforms observed in air during land application by diff erent methods and loading of biosolids into applicators (Table 4 ). In light of the inherent variability of environmental microbiological data, some of the p values above 0.05, such as those observed for loading vs. spray gun application, may also be noteworthy. Th e clear stratifi cation of data by application method in Fig. 2 corroborates the statistical indication that the type of activity performed at the site is a major determinant of aerosolization, although other factors, such as windspeed, may play minor roles.
Multivariable analyses were performed to help elucidate the potential impact of environmental factors on levels of aerosols observed at the application sites. Th e R 2 values from the three multivariable analyses performed showed that the most signifi cant relationship between an environmental parameter and aerosolization existed between wind speed and aerosolization levels, particularly for HPC bacteria. Th e sign and relative magnitude of the coeffi cient supports fi eld observations that windspeed was consistently and positively predictive of HPC aerosolization. However, multiviarable analysis also showed that other environmental parameters play relatively minor roles in the levels of aerosolization of the vari- 
Fig. 2. Microorganisms detected in air during land application of biosolids (309 samples).
ous microorganisms at the diff erent sites (as evidenced by the R 2 values for the indicator organisms). Contradictory infl uences of some of the environmental parameters studied were also noted between the diff erent classes of organisms analyzed. Overall statistical analysis of the data suggests that emissions of bioaerosols during land application of biosolids are not primarily governed by environmental factors (Table 5) .
Risk Analysis
Daily inhalation estimates, as well as daily and annual occupational risks from aerosolized Salmonella and enteroviruses, using coxsackievirus A-21 as a model, were estimated for the different methods of land application studied, as well as for loading of biosolids. Th ree diff erent tractor cab air fi ltration effi ciencies and three diff erent pathogen concentrations in biosolids were also considered. Th ere were notable diff erences in estimated risks of infection for low and high exposure scenarios. Risk estimates ranged from 0.0001% for a low-level exposure scenario to 34%/ yr for a high-level exposure (conservative) scenario (Tables 6 and  7 ). In general, estimated risks of infection from Salmonella were low compared with risks of infection from coxsackievirus A-21, because of its greater infectivity. To calculate a realistic estimate of exposure, it was assumed that a worker spends 8 h working/d, 251 d/yr, and that their tractor cab air fi lter is 50% effi cient at removing aerosolized microorganisms. Th is exposure scenario assumed that the biosolids being applied were of moderate quality, meaning that they contain 100 MPN Salmonella/dry gram and 1 enterovirus/dry gram. Additionally, it was assumed that the operator would be downwind of the bioaerosol source and exposed to bioaerosols from biosolids 50% of the time. Estimates of risk for this exposure scenario ranged from of 0.0001 to 0.013%/yr for Salmonella, with the risk during splash-plate application being the lowest and risk for loading the applicator being the highest. Th e corresponding realistic occupational risk of infection from enteroviruses, using coxsackievirus A-21 as a model, ranged from 0.78 to 2.1%/yr, depending on whether the worker loaded or applied biosolids. Th e most conservative risk assessment assumed that the worker handled poor quality biosolids (1000 Salmonella/g, 10 enteroviruses/g) and worked without the protection of a tractor cab air fi lter (Straub et al., 1993) . Th is exposure resulted in a 34% estimated annual risk of infection by coxsackievirus A-21 and a 0.26% estimated risk of Salmonella infection. At all sites, the estimated risk of infection to a worker was highest during loading of biosolids and lowest during land application of liquid (~8% solids) biosolids by a splash-plate applicator. In general, risks were lower among workers who perform the actual application of the biosolids than among workers who load biosolids into the applicators. Because aerosol sizes were not measured for this study, variations in particle sizes with respect to locale should be considered to be a source of uncertainty in this risk analysis.
Discussion
Th e analysis of numerous biosolids samples, land application methods, and environmental conditions helped to broaden this study. However, our conclusions may not apply to cases where biosolids contain abnormally high concentrations of pathogens or environmental conditions are highly conducive to microbial survival or transport. Additionally, caution should be exercised if the risk estimates reported here are applied to land application scenarios diff erent from those observed for this study. Th e study benefi ted from the assortment of land application methods studied. Slingers and spreaders are most commonly used to land-apply biosolids, and represented a large percentage of the air samples collected for this study. Other, less common methods of land application were also included in the study, such as biosolids spray guns and splash-plate tankers. Th ese methods are more commonly associated with land application of biosolids for smaller municipalities where less transport of biosolids is required for disposal.
In this study, bioaerosols were not detected immediately downwind of biosolids piles (20% solids or more and less than 24 h old), which suggests that piles of biosolids are a negligible source of bioaerosols containing pathogens. For this reason, they were excluded as a source of exposure from the risk analysis. In addition, bioaerosols from biosolids were undetectable in air samples collected days after land application of biosolids (Tanner, 2004) . For this reason, we do not believe that secondary aerosolization of microorganisms after biosolids application is a signifi cant source of risk to a biosolids worker.
Salmonella and enteroviruses, using coxsackievirus A-21 as a model virus, were chosen for this risk analysis because a great deal is known about their presence in biosolids and their relationship to infection rates in humans. Additionally, Salmonella are considered to be an indicator of biosolids quality by the USEPA (NRC, 2002) . Undoubtedly, other pathogens are sometimes present in biosolids, but scientifi c research has shown that these pathogens, such as Shigella, are present in lower concentrations than Salmonella, if they are detectable at all (Dudley et al., 1980; Sahlstrom et al., 2004) . Campylobacter and Listeria have recently been isolated from 2 to 4% of biosolids samples, whereas attempts to isolate E. coli 0157 from biosolids have been unsuccessful (Sahlstrom et al., 2004; Stampi et al., 1999) . Th us, pathogens such as Shigella, Campylobacter, Listeria, and E. coli 0157 may pose a risk to biosolids workers but more research must be done to characterize their presence in biosolids before an accurate risk assessment can be performed.
Unprotected exposure to bioaerosols from biosolids immediately downwind of the source each workday for an entire year is an extreme exposure scenario, which is probably applicable to a small subset of biosolids workers. Based on fi eld observations and information from representatives of major agricultural equipment manufacturers, the majority of tractors used for land application are initially equipped with air fi lters meeting ASAE Standard 5525, which specifi es a 98% reduction in aerosols above 3 μ in diameter. As such, the 98% reduction exposure scenario is expected to be representative of the aerosol exposure of many biosolids workers (Tables 6 and  7 ). Assuming that the tractor cab air fi lter is not maintained, or workers frequently open the tractor cab door to enter or exit the tractor during land application, the 50% aerosol reduction exposure scenario is expected to be representative of actual exposure. Th e 0% aerosol reduction exposure scenario is only applicable to land application or loading operations that utilize unenclosed tractors.
None of the exposure scenarios presented in this risk analysis are applicable to non-worker populations. It has been well-documented that microorganisms subjected to any substantial transport through air, such as would be required to reach a population center, undergo rapid inactivation due to environmental factors such as ultraviolet light and dessication Collins, 1971; Heidelberg et al., 1997; Peccia et al., 2001; Teltsch et al., 1980b) . Table 6 . Occupational exposure and risk associated with enteroviruses, using coxsackievirus A-21 as a model. 3.9 × 10 −4 † It is assumed that there are, on average, 10,000 coliphages/dry gram of biosolids. ‡ Coliphages were never detected during application, so risk is based on limit of detection for the assay.
Enterovirus
We do not consider the high concentrations of HPC bacteria observed in this study to be a risk to a biosolids worker. Although high concentrations of HPC bacteria were observed in air downwind of land application, similar concentrations of HPC bacteria were also observed during other research associated with this study (Tanner, 2004) where concentrations of aerosolized HPC bacteria ranged from non-detectable to 2.6 × 10 6 cfu/m 3 in air downwind of agricultural activities that did not involve biosolids. Th ese concentrations of HPC bacteria in air are similar to concentrations observed by another study performed at an agricultural site in rural Oregon, which showed an increase in aerosolization of culturable bacteria corresponding to agricultural activity (grass harvest) and concentrations of HPC bacteria ranging from 188 to 2.8 × 10 6 cfu/m 3 (Tong and Lighthart, 1999) . Th is suggests that HPC bacteria are ubiquitous, and probably do not contribute signifi cantly to the risk of infection during biosolids land application.
Th e exposure to aerosolized fecal indicator organisms among biosolids workers is comparable to the similar exposures in other occupational settings, such as a wastewater treatment plant. A study by Carducci et al. demonstrated that total coliform concentrations ranged from 1.0 to 1138 cfu/m 3 at a wastewater treatment plant. Th e same study showed that wastewater treatment workers may come in contact with concentrations as high as 31.6 enteroviruses/m 3 of air in certain parts of a wastewater treatment plant, which is much greater than the highest estimate of 0.013 enteroviruses/m 3 of air predicted by our study (Carducci et al., 2000) . Other research has demonstrated that concentrations of total coliform bacteria in air of wastewater treatment plants are similar to those observed downwind of land application in this study (Medema et al., 2004; Sawyer et al., 1993) . Agricultural occupations have also been associated with exposure to airborne bacteria. One study, which investigated spray irrigation of wastewater, demonstrated concentrations of total coliforms ranging from 18 to 1076 cfu/m 3 (Teltsch et al., 1980a) . Th ese values are similar to 188.7 cfu/m 3 , the mean concentration of total coliforms observed in this study in air downwind of biosolids loading. As such, land application of biosolids is expected to pose no greater risk to a worker than wastewater treatment plant work or work at a wastewater spray irrigation site.
Because statistical analyses of the impact of environmental factors on levels of coliforms in air were performed on the data set as a whole, correlations between environmental factors and occurrence of bioaerosols from land application may be more or less dramatic for some individual application methods or biosolids types. In general, temperature and humidity appeared to have less of an impact on concentrations of coliforms observed immediately downwind of biosolids than windspeed. Temperature and humidity are factors that cause inactivation of airborne microorganisms (Heidelberg et al., 1997; Peccia et al., 2001) . A possible explanation of this observation is that the impacts of these environmental factors were minimized by the short period of time the microorganisms were airborne before being captured by our samplers, which were all less than 60 m downwind of the point of aerosolization, corresponding with their placement 2 m from the downwind "edge" of where the biosolids landed on the ground after application. Correspondingly, the short period of time for which the microorganisms were airborne likely reduced the germicidal eff ect of ultraviolet radiation (Dowd et al., 1997; Peccia et al., 2001; Riley et al., 1976) .
Th e results of this research are noteworthy because we used a great number of direct measurements taken at the bioaerosol Table 7 . Occupational exposure and risk associated with bacteria, using non-typhi Salmonella as a model. source to determine exposure to bioaerosols from biosolids. Air samples were collected 2 m downwind of the "edge" of biosolids application, in contrast to previous research that relied on samples collected at signifi cant distances from the source and was interpreted using strictly theoretical Gaussian dispersion models (Dowd et al., 2000) . Th is study suggests that bioaerosols from land application of biosolids pose a detectable, but manageable risk to biosolids workers. Reduction of these risks is possible through the implementation and maintenance of tractor cab air fi lters or application of biosolids such that the tractor operator remains upwind of the bioaerosol source. Overall, risks from bioaerosols to workers at land application sites appear to be lower than risks to workers at sewage treatment plants. Th e greatest amount of uncertainty in quantitative microbial risk assessment ) is quantifi cation the actual numbers of pathogens to which an individual is exposed. Because the concentrations of pathogens in the aerosols generated during land application of biosolids are so low the numbers had to be estimated from known ratios of coliform bacteria to pathogens present in the biosolids. Th ese ratios where based on our own studies and the literature. Diff erences in inactivation of coliforms or coliphage during aerosolization or after aerosolization could change these ratios. For example, if Salmonella is more stable than coliforms, then the risks would be greater; the converse is true if the reverse is true. Th e same could be true for the method used to collect the aerosolized organisms since the impinger may be more effi cient in collecting bacteriophages than human enteric viruses or visa versa. Also, current assay methods cannot detect all of the pathogenic enteric viruses, which may be present in biosolids, which would result in an underestimation of the true risk from enteric viruses. Assay methods for enteric viruses and Salmonellae are not 100% effi cient, which means that the true level of exposure will be underestimated (Straub et al., 1995) .
